ABSTRACT
INTRODUCTION
Widespread use of synthetic pesticides for protecting stored grain commodities possess noteworthy drawbacks including development of insecticide resistant strains (Bell 2000; Benhalima et al. 2004; Chaudhry 1997) , insecticide residues on food grains (Norman 2000) and environmental and health risks to humans. Public consciousness about these threats has increased the interest for finding alternative stored-grain protectants to replace synthetic chemical insecticides (Silver 1994) . One such alternative is the application of insect growth regulators which are highly effective against several pests of stored grain commodities, exhibit low mammalian toxicity and pose minimal environmental hazard as well as widely approved for use by the public (Ishaaya et al. 2007; Kostyukovsky et al. 2000; Mondal & Parween 2001) .
Chitin synthesis inhibitors (CSIs), a group of insect growth regulators, have been found to be very effective for killing immature stages of a wide variety of insect species, especially those which feed inside grains (Daglish & Wallbank 2005; Elek 1998a; Elek 1998b; Elek & Longstaff 1994) . Although such compounds do not mimic insect hormones, they prevent normal moulting of larval insects by inhibiting chitin synthesis (Oberlander et al. 1997) . The use of CSIs has been widely observed to impair reproduction and development of insect species (Abo-Elghar et al. 2004; Arthur & Hartzer 2018; Arthur et al. 2009; Elek 1998a; Elek 1998b; Malik et al. 2017; Parveen 2000; Parween et al. 2001; Qurban et al. 2017; Sagheer et al. 2012 Sagheer et al. , 2011 Salokhe et al. 2003; ). These compounds have been investigated for their ovicidal effects against several stored grain insects by treating either adult or the commodities in which eggs were placed (Abo-Elghar et al. 2004; Elek 1998a; Mishra et al. 2013; Parween 2003; Qurban et al. 2016; Salokhe et al. 2003; Trostanetsky & Kostykovsky 2008; Trostanetsky et al. 2015) .
Therefore, keeping in view the desirable properties of lufenuron, its effects on development and reproduction against T. castaneum was investigated.
MATERIALS AND METHODS

INSECTS
Adult red flour beetle (T. castaneum) were collected from granaries of Multan and Faisalabad and these samples were designated as strains of these regions (these strains are abbreviated in the text as ML and FD, respectively). Culture of both strains was maintained for three generations in glass jars comprising of wheat flour and yeast medium placed in a cooled incubator (SANYO, at 30 ± 2 o C and 70 ±5 percent relative humidity and a light duration of 12h L: 12h D.
BIOASSAY
Lufenuron 50 EC, an insect growth regulator, obtained from Syngenta Ltd (Pakistan), was used in this experiment at concentrations of 0.02, 0.04 and 0.08 ppm (selected after preliminary trials) along with control treatment. A concentration of 0.08 ppm of lufenuron was prepared in acetone to be used as stock solution and other concentrations were prepared from this stock solution. These prepared concentrations were mixed completely in wheat flour (50 g). Wheat flour treated with acetone alone was used as a control treatment. The culture so treated was ventilated for 24 h to evaporate all of the acetone from these samples. A collection of 20, fifteen-day-old T. castaneum larvae of ML and FD strains were placed separately in 100 mL glass jars comprising treated flour in each replicate for all the treatments. T. castaneum larvae were exposed to treated wheat flour up to pupation. The jars were kept in darkness at 28 ± 2 o C and 70 ± 5 percent relative humidity. Data regarding larval mortality was taken after 1, 3 and 5 days of treatment. Larval weight was taken at 5th day of treatment with the help of electronic weighing balance. The data of larval duration before pupae was recorded for each individual in all the treatments. After pupation, individuals of all the treatments were shifted to untreated wheat flour under the same laboratory conditions and development of pupae and adult was recorded. The adults emerging from each treatment were allowed to feed on untreated flour for twenty days. Afterwards, adults of each treatment were placed in untreated wheat flour for 2 days for oviposition and data was recorded for number of eggs layed, hatching percentage, development of larvae, pupae and adults.
STATISTICAL ANALYSIS
Data of larval mortality was corrected using Abbott's formula (Abbott 1925 ) and was analyzed statistically by using Analytical software (2003) Statistix 8.1. The significant results were compared using Tukey's HSD test. The analyzed data is presented as mean ± standard error of mean.
RESULTS AND DISCUSSION
Flour treated with 0.02, 0.04 and 0.08 ppm of lufenuron caused 1.2, 5.1 and 10.1% larval mortality in the ML strain and 1.7, 6.7 and 11.8% larval mortality in the FD strain of T. castaneum after 1 day of treatment (Table 1) . Larval mortality was increased with increase in concentration (ANOVA, df= 2, F= 76.87; p < 0.001), exposure period (ANOVA, df=2, F= 98.10; p < 0.001) and was dependent on the strain (ANOVA, df=2, F= 4.34; p < 0.05, Table 1 ). At 0.08 ppm lufenuron, 29.8 and 32.7% larval mortality was observed in the ML and FD strains, respectively, compared to control after 5 days of treatment (Table 1) . In the present experiment, lufenuron (at 0.08 ppm) caused 29.8 and 32.7% mortality in ML and FD strains of T. castaneum larvae, respectively, after 5 days of treatment. Similarly a CSI, novaluron, has been reported to cause 83% larval mortality in T. castaneum after 7 days of treatment (Kostyukovsky & Trostanetsky 2006) . Other studies also report the larvicidal activity of CSIs; triflumuron, flufenoxuron and lufenuron against T. castaneum (Parween 2003; Qurban et al. 2017; Salokhe et al. 2003) .
Larval weight was reduced by 8.76 and 8.88% at 0.08 ppm for the ML and FD strains, respectively, compared to control ( Figure I ). This inhibition effect increased with increase in concentration (ANOVA, df=2, F= 37.02; p < 0.001, Figure 1 ), but there was no significant effect of strains on percent reduction in larval weight (F= 0.04; p > 0.05, Figure  1 ). Larval duration was increased significantly at all the concentrations (ANOVA, df=2, F= 95.77; p < 0.001, Figure  2 ), causing 36.01 and 39.22% (at 0.08 ppm) increase in larval duration before pupae of ML and FD strains, respectively, compared to control treatment (Figure 2) . Similarly, pupation Table 2 ). At 0.08 ppm, pupae development was inhibited by 55.8 and 58.5% in the ML and FD strains, respectively, compared to control. However, no significant differences in pupae inhibition were found due to the effect of strains (ANOVA, df=2, F= 3.40; p > 0.05, Table 2 ). Emergence of adults was inhibited by 72.9 and 77.5% at 0.08 ppm in the ML and FD strains, respectively, compared to control treatment (ANOVA, df=2, F= 98.91; p < 0.001, Table 2 ). Due to feeding on lufenuron treated wheat flour, T. castaneum larval weight was found to be reduced. Several other researchers have reported that due to the effects on various physiological activities, some of the insect growth regulators decrease the body weight of insects (El-Din et al. 1990; Parveen 2000; Smagghe et al. 1996) . It was assumed that flufenoxuron have caused reduction in chitin content of T. castaneum that have resulted in the reduction of larval weight. Lufenuron also somewhat increased the larval period compared to control. Similar results are reported by Kostyukovsky et al. (2000) by exposing T. castaneum larvae to food medium treated with methoprene and pyriproxifen. All the tested concentrations of lufenuron caused noteworthy reduction in oviposition in both strains of T. castaneum. At the concentration of 0.08 ppm, 86.3 and 86.8% reproductive control (PRC) was obtained in the ML and FD strains, respectively, compared to control (ANOVA, df=2, F= 178.33; p < 0.001, Table 3 ). However, PRC was not significantly different between the strains (ANOVA, df=2, F= 2.12; p > 0.05, Table 3 ). Hatching percentage of eggs was significantly reduced at all the concentrations. Egg sterility of 93.8 and 94.5% taken place at 0.08 ppm in the ML and FD strains, respectively, compared to control (ANOVA, df=2, F= 155.00; p < 0.001, Table 3 ). The percentage of egg FIGURE 1. Mean percent reduction in larval weight ± SE of T. castaneum due to exposure of larvae to various concentrations of lufenuron FIGURE 2. Mean percent prolongation in larval duration ± SE of T. castaneum due to exposure of larvae to various concentrations of lufenuron a=100*(1-t/c), where t is the number of pupae in treated flour, and c is the number of pupae in control, b=100*(1-t/c), where t is the number of adults in treated flour, and c is the number of adults in control sterility was not statistically different between the strains (ANOVA, df=2, F= 1.92; p > 0.05, Table 3 ). Likewise, in the present study, when adults emerging from treated larvae were allowed to lay eggs, both egg laying and hatchability were reduced considerably. This outcome might be due to the transovarial activity of lufenuron that has caused reduction in egg laying and egg hatchability of the treated adults. Several authors have reported that adults emerged from CSI treated larvae or developed on treated food mostly produce fewer eggs compared to untreated adults (Elek 1998a; Parween et al. 2001; Qurban et al. 2016) . Abo-Elghar et al. (2004) also reported the ovicidal and development inhibition activity of CSIs against cowpea weevil. F 1 larval development resulting from hatched eggs was reduced significantly at all the concentrations of lufenuron tested. A concentration of 0.08 ppm caused 96.2 and 97.1% F 1 larvae inhibition compared to control treatment in the ML and FD strains, respectively (ANOVA, df=2, F= 176.30; p < 0.001, Table 4 ). F 1 pupae were inhibited by 97.5 and 98.6% at 0.08 ppm compared to control in the ML and FD strains, respectively, and this effect was significantly different at all the concentrations (ANOVA, df=2, F= 220.68; p < 0.001, Table 4 ), but the inhibition in F 1 pupae was not 33 -a=100*(1-t/c), where t is the number of larvae in treated flour, and c is the number of larvae in control, b=100*(1-t/c), where t is the number of pupae in treated flour, and c is the number of pupae in control and c=100*(1-t/c), where t is the number of adults in treated flour, and c is the number of adults in control significantly different between the strains (ANOVA, df=2, F= 2.75; p > 0.05, Table 4 ). In this present experiment, the development of F 1 larvae, pupae and adults were all inhibited compared to control treatment. These results and those of others (Trostanetsky & Kostyukovsky 2008) suggest that when adults of T. castaneum are treated with CSIs, these chemicals are taken up by adults that affect the subsequent development of offspring. This penetration of CSI might be due to contact or ingestion (Cutler et al. 2005; Kostyukovsky & Trostanetsky 2006) . In view of these effects of lufenuron against T. castaneum, further studies are necessary to assess the residual effectiveness and persistence of lufenuron over prolonged period of time in mills, granaries and food storage facilities for the better replacement of generally used organophosphate and pyrethroid grain protectants.
